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Respiratory reduction of nitrate and nitrite is encoded in Thermus thermophilus by the respective transferable gene clusters.
Nitrate is reduced by a heterotetrameric nitrate reductase (Nar) encoded along transporters and regulatory signal transduction
systems within the nitrate respiration conjugative element (NCE). The nitrite respiration cluster (nic) encodes homologues of
nitrite reductase (Nir) and nitric oxide reductase (Nor). The expression and role of the nirSJM genes in nitrite respiration were
analyzed. The three genes are expressed from two promoters, one (nirSp) producing a tricistronic mRNA under aerobic and an-
aerobic conditions and the other (nirJp) producing a bicistronic mRNA only under conditions of anoxia plus a nitrogen oxide.
As for its nitrite reductase homologues, NirS is expressed in the periplasm, has a covalently bound heme c, and conserves the
heme d1 binding pocket. NirJ is a cytoplasmic protein likely required for heme d1 synthesis and NirS maturation. NirM is a solu-
ble periplasmic homologue of cytochrome c552. Mutants defective in nirS show normal anaerobic growth with nitrite and nitrate,
supporting the existence of an alternative Nir in the cells. Gene knockout analysis of different candidate genes did not allow us to
identify this alternative Nir protein but revealed the requirement for Nar in NirS-dependent and NirS-independent nitrite re-
duction. As the likely role for Nar in the process is in electron transport through its additional cytochrome c periplasmic subunit
(NarC), we concluded all the Nir activity takes place in the periplasm by parallel pathways.
Denitrification is a common form of facultative anaerobic res-piration that involves the sequential respiratory reduction of
nitrogen oxides (NO3
  NO2
  NO N2O N2) by a series
of membrane-bound and periplasmic reductases (1). In most
cases, nitrate reduction is carried out by a heterotrimeric mem-
brane-bound enzyme (Nar) that couples the oxidation of mem-
brane quinols to the cytoplasmic production of nitrite from ni-
trate, with energy conservation through a redox loop. In several
proteobacteria, a second periplasmic nitrate reductase (Nap) ex-
ists, which uses periplasmic transporters as electron donors (1).
Nitrite is subsequently reduced to nitric oxide by a periplasmic
nitrite reductase of the heme cd1 type (NirS) or of the copper type
(NirK) (2–4). Nitric oxide is then efficiently reduced to N2O by a
membrane-bound reductase depending on periplasmic cyto-
chromes c (cNor) or directly on membrane quinols (qNor). In
several denitrificantmicroorganisms, N2O is finally reduced toN2
by a periplasmic reductase (NosZ). However, N2 may also be pro-
duced in certain microorganisms lacking NosZ homologues, sup-
porting the possibility that a different kind of N2O reductase
might exist (5).
Although the denitrification pathway is widespread among
bacteria and archaea, it is species or even strain specific, support-
ing the fact that the whole pathway has been subjected to frequent
events of lateral gene transfer (6–8). Thermus thermophilus is one
of these cases in which denitrification is a strain-specific property.
This ancient bacterial species (9) includes strict aerobic strains,
such as T. thermophilus HB27, and facultative anaerobes that re-
quire nitrogen oxides as electron acceptors (10). Among the latter,
there is also strain variability, and some of these strains can grow
anaerobically with only nitrate with final production of nitrite
(partially denitrificant [PD] strains), whereas other strains can
also respire nitrite with production of nitrogen gas (completely
denitrificant [CD] strains) (11). Nitrate respiration is encoded by
the nitrate conjugative element (NCE), a genetic element that can
be transferred from PD or CD strains to aerobic strain HB27 (12,
13). The NCE encodes a complete set of genes for nitrate respira-
tion, including a nitrate reductase (Nar), a dedicated NADH de-
hydrogenase (Nrc) (14, 15), nitrate and nitrite transporters (NarK
and NarT), and signal transduction systems required for expres-
sion under appropriate conditions, which are unrelated to those
found in proteobacteria or Gram-positive organisms (DnrS and
DnrT) (reviewed in reference 11). Amajor difference between the
thermophilic Nar and those of other bacteria is the presence of a
periplasmic cytochrome c extra subunit required for the matura-
tion of the enzyme (11, 16). This extra subunit has been proposed
to be involved in electron transfer to the nitrite and nitric oxide
reductases in CD strains when nitrate is scarce in the medium
(17).
In addition to the NCE, CD strains contain a gene cluster (ni-
trite respiration cluster [nic]) encoding homologues of the nitrite
(NirS) and nitric oxide (cNor) reductases. The nic cluster can be
laterally transferred only to PD strains, because the expression of
its genes is dependent on the presence of the NCE in the recipient
strain (13). Actually, in CD strains, the NCE and the nic clusters
are located close to each other in a region of the pTT27 megaplas-
mid surrounded by insertion sequences, which putatively could
facilitate its dissemination as a mobile denitrification genetic is-
land among T. thermophilus strains (11, 13).
Whereas nitrate respiration in T. thermophilus has been exten-
sively studied (11, 18, 19), few data exist on nitrite respiration in
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this species. In this work, we analyze the role in nitrite respiration
of three genes of the nic cluster (nirS, nirJ, and nirM) that encode
homologues of proteins involved in nitrite respiration in other
bacteria (13). Our data show that NirS, the homologue of cd1
nitrite reductases, is actually involved in nitrite reduction during
denitrification but that in its absence, an alternative nitrite-reduc-
ing activity exists, with the presence of the nitrate reductase (Nar)
being required for both pathways. These data show the existence
of alternative pathways for nitrite reduction in this ancestral bac-
terial model.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this
work are described in Table S1 in the supplemental material. Aerobic
growth of T. thermophilus was carried out at 70°C under rotational shak-
ing (150 rpm) in Erlenmeyer flasks filled with TB medium (12) up to
one-fifth of their volume. Anaerobic growth was achieved in screw-cap
tubes containing 10 ml of TB medium supplemented with 20 mM potas-
siumnitrate or 5mMsodiumnitrite and overlaidwithmineral oil. For gas
detection, the strains were grown for 2 days in TB medium with 10 mM
nitrate in Hungate tubes, leaving a headspace for the collection of gas
samples with a syringe. T. thermophilus colonies were grown aerobically
on TB agar (1.5% [wt/vol] agar) plates. For liquid or solid selection, ka-
namycin (Kan) (30 mg/liter) and/or hygromycin B (Hyg) (100 mg/liter)
was added, when required, for selection. Selection on Hyg-containing
plates was carried out at 60°C.
Escherichia coli strain DH5was used for construction of plasmids. E.
coli was grown at 37°C on liquid or solid LB medium. Kan (30 mg/liter),
ampicillin (Amp) (100 mg/liter), and/or Hyg (100 mg/liter) was used
when needed.
Nucleic acid manipulation and transformation. Oligonucleotides
used in this work are listed in Table S2 in the supplemental material. Total
RNA was purified by using an RNeasy Minikit (Qiagen) from induced
(anaerobic growth with 20 mM potassium nitrate) and noninduced (aer-
obic growth on nitrate-free medium) exponential cultures of T. thermo-
philus. ThemRNAmixwas retrotranscribed to cDNAwith SuperScript III
reverse transcriptase (Invitrogen) according to the manufacturer’s in-
structions.
Total DNA from T. thermophilus was purified by using a DNeasy
Blood and Tissue kit (Qiagen), according to a protocol adapted for bac-
terial cultures. Plasmid purification, restriction analysis, plasmid con-
struction, and DNA sequencing were performed according to standard
methods (20). DNA was amplified by using 1 U/l of DNA polymerase
from Pyrococcus furiosus (Roche Molecular Biochemicals) in its recom-
mended buffer with 3 mMMgCl2, 0.5 mM deoxynucleoside triphosphate
(dNTP) mixture, and 50 pmol of each primer (Sigma-Aldrich).
E. coli competence was induced according to a method described pre-
viously by Inoue et al. (21). Transformation was carried out according to
a method described previously by Hanahan (22). Transformation of T.
thermophiluswith linear or circular DNAwas achieved by natural compe-
tence (23).
Construction of mutants. Plasmids used in this work are listed in
Table S3 in the supplemental material. Derivatives of pUC19 (24) were
used to isolate nirS, nirJ, nirM, norC, and TTC0313 deletion mutants
through double recombination. For this, 500-bp-long upstream and
downstream regions of the targeted gene were amplified by PCR with the
appropriate primers (see Table S2 in the supplemental material) and
cloned into pUC19 using the restriction sites included in the primers. A
gene encoding thermostable resistance to Kan (kat) (25) or Hyg (hph5)
(19) was then inserted in a downstream orientation between the cloned
fragments using the XbaI restriction site included in the constructs. Mu-
tants in which the coding sequence of the target gene was replaced by the
cassette confering thermostable resistance to kanamycin ([gene]::kat)
were selected after transformation with linearized derivatives of these
constructs. For narGH doublemutants, the kat genewas replacedwith the
hph5 gene in plasmid pNIT1K Kat (12). Plasmid pNarCkat (16) was used
to obtain the narCmutant. Mutants were checked by PCR and further by
Western blotting if specific antibodies were available.
Complementation assays of Kan-resistant mutants were carried out
with derivatives of pMH184 carrying the wild-type gene.
Promoter induction assays. The putative promoter regions that span
the 300 to 500 bp preceding the initial ATG codon of the nirS and nirJ
genes were cloned into promoter-probe plasmid pMHPnarbgaA (19). For
anaerobic expression, cells were grown aerobically up to exponential
phase and subjected for 16 h to anaerobic conditions with or without 20
mM nitrate, 5 mM nitrite, or 100 M sodium nitroprusside (SNP) as a
NO generator. Thermostable beta-galactosidase (-Gal) activity was as-
sayed twice in triplicate experiments with the chromogenic substrate
ONPG (o-nitrophenyl-galactopyranoside; Sigma) at 60°C. Cells were per-
meabilizedwith 0.2% (wt/vol) SDS for 15min at 37°C. The reaction buffer
(80 mM phosphate [pH 7.5] containing 0.2% [wt/vol] ONPG) was then
added. The reactionmixture was incubated at 60°C in a plate reader for 20
min, and the absorbance variationwasmeasured at 410 nm.-Gal activity
is expressed as nmol of ONPG produced per minute and per mg of pro-
tein. Error bars represent standard errors.
Expression of His-tagged NirS. AC-terminal histidine tag was added
to NirS to facilitate its purification. For this, the nirS gene was amplified
with primers PnirXbaIdir and nirS-stopHisEcorev (see Table S2 in the
supplemental material) and cloned under the control of its own promoter
to produce pMHPnirSNirShis. C-terminally His-tagged NirS was ex-
pressed from this plasmid, and the protein was purified by affinity chro-
matographywithCo2-agarose columns (TalonCellThru resin; Clontech
Laboratories, Inc.).
Protein detection. For cell fractionation, cells were washed by centri-
fugation (1,000	 g for 15min) and resuspended in a solution containing
100 mM Tris-HCl and 100 mM EDTA (pH 7.4) supplemented with pro-
tease inhibitors (Complete; Roche). Cells were incubated for 30 min at
37°C under continuous shaking, and the soluble fraction containing es-
sentially periplasmic proteins was separated by centrifugation (12,000	 g
for 1 h) (26). The cell pellet was resuspended in 100 mM Tris-HCl (pH
7.4), and cells were broken with a One Shot cell disruption system (Con-
stant Systems Ltd.) at 180,000 kPa. Unbroken cells were eliminated by
centrifugation (6,000	 g for 15 min). Cytoplasmic and membrane frac-
tions were separated by ultracentrifugation (200,000	 g for 1 h at 4°C).
Aliquots of the membrane fraction were resuspended and further in-
cubated for 1.5 h at 37°C in a buffer containing 50 mM Tris-HCl, 5%
(wt/vol) glycerol, 750 mM amino caproic acid, and 1% (wt/vol) dode-
cyl -D-maltoside (DDM) (pH 7.5). The detergent-soluble fraction,
corresponding to solubilized protein complexes, and the insoluble
fraction were separated by ultracentrifugation (350,000	 g for 1.5 h).
Visible and UV optical spectra of the cellular fractions were measured
with a Cary 50 Bio spectrophotometer (Varian). Samples were com-
pletely reduced by the addition of sodium dithionite in excess.
The NarG, NirS, and NorC proteins were identified by Western blot-
ting with specific rabbit antisera (12, 13). Detection was carried with sec-
ondary antibodies linked to horseradish peroxidase by using biolumines-
cence (ECL; Amersham International). Proteins containing heme c were
detected by a specific staining procedure using 3,3=,5,5=-tetramethylben-
zidine (TMBZ) as the electron donor (27).
Proteomic analysis.Protease digestion of excised gel sectionswas per-
formed as described previously (28). Peptide mass fingerprinting was
performed on aMALDI-TOFmass spectrometerDE-RP (Applied Biosys-
tems), exploiting the nonredundant NCBInr database (National Insti-
tutes of Health, Bethesda, MD) using the SEQUEST search algorithm
from Bioworks Browser 3.3 software (Thermo Electron Corp.).
Biochemical assays.Nitritewasmeasured by colorimetry (29) inmul-
tiwell plates. For in vitro nitrate reductase activity, reduced methyl violo-
gen was used as an electron donor, and nitrate was used as an acceptor.
Nitrous oxide was measured from gas samples taken from the headspace
of cultures grown in Hungate tubes. Gas samples were analyzed in a
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PerkinElmer Clarus500 gas chromatograph equipped with an Elite-PLOT
Q 30-m, 0.53-mm-internal-diameter column. The injector temperature
was set at 115°C, the columnwas thermostatized at 90°C, and the electron
capture detector (ECD) was set at 350°C. The N2O peak had a retention
time of 5.4 min (
3%), and its concentration was calculated by using a
standard curve, using 0.4-ppm, 100-ppm, and 1,000-ppm standards (Sci-
entific and Technical Gases Ltd., United Kingdom).
Amino acid sequence alignment and protein modeling. Sequence
alignments were performed by using the ClustalW2 multiple-sequence
alignment tool (30). Homology modeling was carried out by using the
automated procedure in Yasara Structure (Yasara Biosciences) (31), run-
ning in a computer cluster with 8 parallel processors. Putative templates
were identified by using the PSI-BLAST tool. The maximum E value al-
lowed was 0.5. Homology models were carried out with NirS templates
(PDB accession numbers 1GQ1, 1HJ5, and 1E2R). For each of these tem-
plates, five alternative models were built. The quality of each model was
denoted by the Z score. The overall Z scores for all models have been
calculated as the weighted averages of the individual Z scores according to
the Yasara Structure 2 program (Yasara Biosciences). The best parts of the
models were combined to obtain a hybrid model, with the hope of in-
creasing the accuracy beyond each of the contributors, but no combina-
tion optimized the value achieved by the model based on data reported
under PDB accession number 1E2R (cytochrome cd1 nitrite reductase
from Paracoccus pantotrophus), which was finally chosen. A final round of
simulated annealing minimization in explicit solvent was performed to
generate the finalmodel. Images were created with PyMol v.0.99 (DeLano
Scientific).
RESULTS
The nitrite reductase operon.A group of three consecutive genes
(nirSJM) of T. thermophilus PRQ25 encodes homologues (NirSth,
NirJth, and NirMth) of homonymous proteins involved in nitrite
reduction to NO in other bacteria (Fig. 1A). The three genes are
conserved in all the Thermus spp. sequenced so far that contain a
denitrification cluster, with the exception of NirM, which is not
present in the denitrification cluster ofThermus scotoductus SA-01
(11).
Sequence and structural alignments of NirSth allowed us to
build a three-dimensional (3D)model of the enzyme based on the
cytochrome cd1 nitrite reductase from Paracoccus denitrificans
(PDB accession numbers 1E2R, 1GQ1, and 1HJ5) (see Fig. S4 in
the supplemental material). In the 3D model, the heme c binding
motif (C24AGCH) and the His residues likely involved in binding
of heme d1 (H176, H325, H366, and H476) were identified. In
addition, the NirSth preprotein contains a SecB-dependent signal
peptide with a peptidase target (LA-Q) identical to that of
periplasmic proteins of T. thermophilus such as cytochrome c552
(32, 33). A similar signal peptide and peptidase signal were de-
tected in the NirMth preprotein, a cytochrome c552 homologue,
supporting a periplasmic location for both proteins.
In contrast, the 375-amino-acid-long NirJth protein is pre-
dicted to be located in the cytoplasm. A homologue of NirJth en-
FIG 1 Transcription of the nir genes. (A) Schematic representation of the nir genes. The intergenic distances and the putative promoters are indicated. A putative
Rho-independent transcription terminator between the nor and nirS genes is labeled, and the bent arrows indicate putative promoters. (B) RT-PCR assays of
cDNA from HB27d and PRQ25 cultures grown aerobically () or induced for 4 h under anaerobic conditions with nitrate (). As a negative control, nirS was
amplified by using RNA as the template. As positive controls, the housekeeping genes groES were amplified. (C) -Galactosidase activity of aerobic strain HB27
transformed with vectors pMHPnarbgaA (narCp), pMHPnirSbgaA (nirSp), and pMHPnirJbgaA (nirJp). (D) -Galactosidase activity of denitrificant strain
HB27d transformed with the same plasmids. Transcriptional activity was measured in aerobic cultures (bar 1) or after induction for 16 h under anaerobic
conditions without (bar 2) or with 20 mM nitrate (bar 3), 5 mM nitrite (bar 4), or 100 M SNP (bar 5). -Galactosidase activity is expressed as nanomoles of
o-nitrophenol produced per minute and per mg of protein. Data represent mean values from triplicate samples in at least two independent experiments.
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coded within nir clusters of Paracoccus spp. was proposed to be
involved in the synthesis of heme d1 (34), although there is no
biochemical evidence for such a role.
Transcription of the nir genes. The presence of a putative
Rho-independent transcription terminator upstream of nirS sug-
gests that a specific promoter controls the expression of nirS (here
called nirSp). Another inverted repeat (5=-GGGGGCCGGGGTC
CGTCCCCGGCCCCTT-3=; inverted repeats are underlined) lo-
cated within the 81 bp that separates nirS from nirJ also suggests
the presence of a second promoter (here called nirJp) that could
control both nirJ and nirM. To check this, we isolated total mRNA
from aerobic and nitrate-anoxia-induced cultures of two strains
of T. thermophilus harboring the same denitrification clusters: the
natural strain PRQ25 and strain HB27d, a derivative of aerobic
strain HB27 to which the denitrification clusters of PRQ25 were
transferred by natural competence (13). The mRNA from both
strains was used as the template for specific reverse transcription-
PCR (RT-PCR) designed to detect mRNA extending across pairs
of genes. Unexpectedly, our results (Fig. 1B) revealed the expres-
sion of a transcript mRNA that includes the three nir genes (reac-
tions RT1, RT2, and RT3), supporting that the inverted repeats
located between nirS and nirJ can be read through by the RNA
polymerase. In contrast, no traces of transcription coming from
the nor genes (reaction RT4) were detected. In addition, our re-
sults show that such nirJSM transcripts are expressed not only
under conditions of nitrate-anoxia but also at lower levels under
aerobic conditions.
A second approach to study the expression of the nir genes was
the use of promoter reporter vectors containing the nirSp and
nirJp regions (see Materials and Methods). -Gal production
from these plasmids was subsequently assayed under different
conditions in aerobic strain HB27 (without the denitrification
clusters) and in its denitrificant derivative strain HB27d. In con-
trast to the promoter for the nitrate reductase (narCp) used as a
control, nirSpwas expressed aerobically in strainHB27 (condition
1), and only a moderate 2-fold increase was detected under con-
ditions of anoxia (conditions 2 to 5). In theHB27d strain, a similar
behavior was observed, except for a positive effect produced by
nitrate, in agreement with the RT-PCR data.
On the other hand, the nirJp region actually includes a pro-
moter that behaves as the narCp control promoter: no expression
at all in the HB27 aerobic parental strain (Fig. 1C) and induction
by nitrogen oxides under conditions of anoxia in denitrificant
strainHB27d in the order nitratenitriteNO(Fig. 1D). There-
fore, the nir genes are expressed from two promoters, an almost
constitutive one that produces low levels of a tricistronic mRNA
under aerobic growth conditions and that is induced by nitrate-
anoxia and an internal one that produces a bicistronic nirJ-nirM
mRNA expressed under conditions of anoxia when a nitrogen
oxide is present.
Synthesis of NirSth.Western blot analyses were carried out to
study NirSth expression. As shown in Fig. 2A, low levels of a pro-
tein of the size expected for NirS (57.5 kDa) were detected under
aerobic conditions (lane 1), whereas no trace of the control nitrate
reductase (NarG) was detected under these conditions. The
amount of this immunodetected protein band increased under
conditions of anoxia (Fig. 2A, lane 2), and the addition of nitrate
(lane 3), nitrite (lane 4), or NO (lane 5) produced a further in-
crease in the amount of NirSth expressed. Noteworthy, a smaller
protein band was specifically detected by the antiserum, the
amount of which also increased in parallel to that corresponding
to the size expected for NirSth. The nature of this protein as a
derivative of NirSth was demonstrated by genetic and biochemical
assays (see below).
In order to confirm that the detected protein was NirSth, we
carried out a specific heme c staining method (see Materials and
Methods) with cell fractions of HB27d cultures grown anaerobi-
callywith nitrate. A heme c-containing protein of the size expected
for NirS was detected, extracted from cells treated with EDTA
(“periplasmic” fraction), and subjected to proteomic analysis. Its
nature as NirSth was confirmed by the identification of five pro-
teolytic fragments internal to the NirSth theoretical sequence (see
Fig. S5 in the supplemental material).
Isolation of nir mutants. We constructed nir::kat single de-
rivatives of each gene in the HB27d genetic background. In the
three cases, the kat gene was inserted in the same transcription
sense to allow the expression of downstream genes (not shown).
As shown in Fig. 2B, neither of the two protein bands recog-
FIG 2 Analysis of NirSth expression in nir::katmutants. (A) Western blot to
detect NarGth and NirSth in strain HB27d after 4 h of induction under aerobic
conditions without nitrate (lane 1) or under anaerobic conditions without any
electron acceptors (lane 2) or with 20 mM nitrate (lane 3), 5 mM nitrite (lane
4), or 100 M SNP (lane 5). (B) Expression of the main reductases of the
denitrification pathway in total cell extracts from wild-type strain HB27d and
the indicated nir::kat mutants under conditions of aerobic growth () or
after 16 h of induction under anaerobic conditions with 20 mM nitrate ().
Western blotting was performed to detect NarGth, NirSth, and NorCth in the
following strains: HB27d (27d), HB27d nirS::kat (nirS), HB27d nirJ::kat
(nirJ), andHB27dnirM::kat (nirM). (C) Specific staining of heme c groups in
the soluble cell fractions of strain HB27d and the indicated nir::kat mutant
derivatives. Arrows indicate the positions corresponding to the mature NirSth
protein (57.5 kDa) andNirMth (14.4 kDa), which were indistinguishable from
that of cytochrome c552. The size markers are indicated in kDa.
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nized by anti-NirSth antiserum in the Western blot shown in Fig.
2A was detected in the nirS::kat null mutant, showing that both
are products of the nirS gene. Noteworthy, the amount of the
smaller band increased in nirJ::kat mutants. On the other hand,
the absence ofNirMth had no apparent effects on the expression of
the nirS products. Parallel Western blots revealed the absence of
any effect of these mutations on the expression of the nitrate re-
ductase (NarG). However, the levels of NorC, the cytochrome c
subunit of the nitric oxide reductase, decreased dramatically in the
nirJ mutant (Fig. 2B).
To analyze the presence of heme c in the NirSth derivatives, we
carried out a specific staining procedure on the soluble cell frac-
tion of nitrate-anoxia-induced cultures of the mutants. As shown
in Fig. 2C, a heme c-containing protein of the size expected for
NirS was detected in the wild-type strain (labeled with an arrow),
which, as expected, was not present in the nirSmutant. This heme
c-containing NirSth protein was not detected in the nirJ mutant,
which, in contrast, expressed increased levels of the smaller heme
c-free NirSth derivative (see Fig. S6 in the supplemental material).
Based on the data described above, we hypothesized that the
smaller band recognized in the Western blot corresponds to a
NirSth fragment lacking heme c. To check this, we expressed a
NirSth proteinwith aC-terminal polyhistidine tag in strainHB27d
and in its nirJmutant derivative from plasmid pMHPnirSNirShis
and purified the protein by affinity chromatography with Co2-
agarose columns. The results (see Fig. S7 in the supplemental ma-
terial) also revealed the presence of the C-terminal His tag in the
smaller band, which, as expected, accumulated in the nirJmutant.
Therefore, the smaller protein band recognized by NirSth antise-
rum is a product of the nirS gene lacking the N-terminal domain,
which includes the heme c binding site (C24AGCH).
Effects of mutations of nir genes on nitrite respiration. As
shown in Fig. 3, the absence of NirSth or NirMth had no detectable
effect on anaerobic growth with nitrate of the corresponding mu-
tants. In contrast, deletion of nirJ produced an unexpected de-
crease in the growth rate and cell yield with respect to the wild
type. When the amount of nitrite produced was monitored, the
wild type and the nirS and nirM mutants produced nitrite in the
first 8 h up to a concentration similar to that of the initial nitrate
used. After 24 h,most of the nitrite was consumed by these strains.
In contrast, the nirJmutant accumulated nitrite at lower rates, and
even after 48 h, most of the nitrite produced remained in the
culture (7 to 8 mM), and nitrate accounted for 20 to 30% of its
initial concentration. However, after longer incubation times
(72 h), nitrite and nitrate also disappeared progressively from
the medium for the nirJ mutant (not shown).
On the other hand, none of the nir mutants showed growth
defects with anaerobic growth with 5 mM nitrite (Fig. 3B). More-
over, after 72 h of anaerobic growth, more than four-fifths of the
nitrite was consumed by the wild type, whereas the nir::kat mu-
tants consumed nitrite at lower rates, in the order nirS nirM
nirJ, with nirJ mutants consuming around one-half of the initial
nitrite.
The above-described data support that there is another nitrite-
consuming activity in strain HB27d that is NirSth independent. In
fact, a gene annotated as ferredoxin:nitrite reductase (TTC0313) is
clustered in the chromosome of strain HB27 with other genes
encoding enzymes likely to be involved in the synthesis of siro-
heme, the immediate precursor of heme d1. However, single
TTC0313::hyg and doublenirS::kat-TTC0313::hygmutants were
still able to grow anaerobically with nitrite and to consume nitrite
in the assay mixtures (see Fig. S8 in the supplemental material),
supporting that another enzyme was responsible for NirSth-inde-
pendent nitrite reduction.
Nitrate reductase is required fornitrite reduction.Tocheck if
the alternative nitrite-reducing activity detected as described
above was or was not dependent on nitrate reductase, we isolated
single narGH::hyg and double nirS::kat-narGH::hyg mutants
(Fig. 4) and assayed their ability to consume nitrite. As expected,
the narGH::hygmutants did not produce nitrite from nitrate (Fig.
4B), but they also were very limited in their ability to consume
nitrite, independent of the presence or absence of the NirSth pro-
tein (Fig. 4C). However, in these assays, we detected an unex-
pected decrease in the amount of NorCth in the narGH::hyg mu-
tants (Fig. 4D). As norC::kat mutants are not able to consume
nitrate (Fig. 4D), a decrease in the expression level ofNorCth in the
narGH::hygmutant could be responsible for the absence of nitrite
reduction. Therefore, we repeated our assays with a narC::katmu-
tant (Fig. 4A), which produces an inactive nitrate reductase (16)
FIG 3 Effect of nir genes on denitrification. (A) Anaerobic growth (filled
symbols and solid lines) and nitrite concentrations (empty symbols and
dashed lines) of the indicated strains grown anaerobically with 10mMnitrate.
(B) Anaerobic growth of the indicated strains with 5 mM nitrite. OD550, opti-
cal density at 550 nm.
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but normal levels of the NorCth protein when nitrite is used as the
electron acceptor (Fig. 4E). Therefore, the absence of the nitrate
reductase blocks both NirS-dependent and NirS-independent ni-
trite respiration pathways.
NirSth is required for efficient coupling of nitrite to NO re-
duction during denitrification. To find out the significance of
NirSth for nitrite respiration, we compared the levels of accumu-
lation of N2O during anaerobic growth with nitrate in the wild
type and the nirmutants. As shown in Fig. 5, the level of accumu-
lation of N2O from nitrate in aerobic strain HB27 was very low,
whereas the HB27d derivative produced approximately 10 times
more N2O under these conditions. In the nirS mutant, only one-
third of this N2O amount was produced, whereas the decrease was
less dramatic (one-half) in the nirJ mutants. In contrast, the ab-
sence of NirMth had no detectable effects on the amount of N2O.
In conclusion, NirSth has a major role in coupling nitrite and NO
reductions, with this activity being only partially replaced by an
as-yet-unknown alternative nitrite reduction pathway.
DISCUSSION
Denitrification in T. thermophilus is a property encoded by the
nitrate respiration (NCE) and nitrite respiration (nic) clusters
(11). Each cluster can be transferred horizontally by natural com-
petence to aerobic strain HB27 in an ordered way (13), leading to
the isolation of strain HB27d. In this work, we have used strain
HB27d as amodel for the study of nitrite respiration because of its
higher susceptibility to genetic manipulations. Our results dem-
onstrate that nitrite reduction is only partially dependent on the
cytochrome cd1-type nitrite reductase NirS
th encoded by the nic
cluster and that an alternative pathway for nitrite reduction exists,
which can replace NirSth during anaerobic growth with nitrite. In
the following paragraphs, we discuss the role of the nir operon in
nitrite reduction.
Induction of thenir genes. In contrast to all the denitrification
operons from T. thermophilus analyzed so far (19), the nirSp pro-
moter has a significant level of expression under aerobic condi-
tions, leading to the production of detectable amounts of NirSth
and, most likely, also of NirJth and NirMth. This fact suggests that
the organism growing aerobically is somehow prepared to reduce
nitrite, putatively as a detoxifying mechanism. Under conditions
of anoxia plus nitrate, the expression level of nirSp increases, and
FIG 4 Role of nitrate reductase in nitrite reduction. (A) Scheme of the insertion of the hph5 and kat antibiotic resistance cassettes to obtain narGH::hyg and
narC::kat mutants. (B) Nitrite production after 8 h of anaerobic growth with 20 mM nitrate. (C) Nitrite remaining in the cultures after 48 h of anaerobic
incubationwith 5mMnitrite. (D)Western blot to detect themain reductases of the denitrification pathway in thenarGH::hygmutants. (E)Western blot to detect
the main reductases of the denitrification pathway in the narC::kat mutants. N, induction with 20 mM nitrate; Ni, induction with 5 mM nitrite; 27d, HB27d;
narG, HB27dnarGH::hph5;nirS, HB27dnirS::kat;nirS narG, HB27dnarGH::hph5nirS::kat;norC, HB27dnorC::kat;narC, HB27dnarC::kat; NarC,HB27d
narC::kat complemented with pMHPnar-narC.
FIG 5 Nitrous oxide accumulation in nir mutants. Relative amounts of N2O
accumulated after 24 h of anaerobic growth with 5 mM nitrite are shown. C,
negative control; 27d, HB27d; nirS, HB27d nirS::kat; nirJ, HB27d nirJ::kat;
nirM, HB27d nirM::kat.
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a second promoter (nirJp) is activated, which produces an addi-
tional bicistronicnirJMmRNA, suggesting that the corresponding
protein products are required in higher concentrations.
When expression levels of nir clusters from other bacteria were
compared, a rather variable pattern was found. For example, in
Paracoccus pantotrophus, nirS is transcribed as a monocistronic
operon from its own promoter only under anaerobic conditions
with nitrate (35). In contrast, in Pseudomonas aeruginosa, the
whole nirSMCFDLGHJEN cluster is cotranscribed from a single
promoter (36), whereas in Pseudomonas stutzeri, two transcripts
are produced from the nirSTB operon, a monocistronic one for
nirS and a tricistronic one that includes the three genes (37).
Role of the NirJth and NirMth proteins. Null mutants of the
nirM gene have no detectable phenotype regarding denitrification
capability or NirSth expression, suggesting that its role as electron
transporter could be replaced by another periplasmic cytochrome
c. Actually, cytochrome c552, the main periplasmic cytochrome of
T. thermophilus (38), was identified by proteomic analysis in the
periplasmic fraction of induced cultures ofT. thermophilusHB27d
in parallel with NirSth (not shown) and is consequently a good
candidate to replace NirMth, with which it shares 49% sequence
identity.
In contrast, NirJth is required for normal NirSth synthesis (Fig. 2).
The homologue of NirJth from P. pantotrophus has been proposed to
be involved in the transformationof siroheme tohemed1 (34).How-
ever, whereas the nir clusters from P. pantotrophus or Ps. aeruginosa
also include genes involved in the synthesis of siroheme (36, 39),
their homologues are located in the chromosome ofT. thermophi-
lus. In fact, the TTC0307 to TTC0314 cluster of T. thermophilus
HB27 is predicted to encode enzymes required for the synthesis of
siroheme from hydroxymethylbilane (http://www.genome.jp
/kegg-bin/show_pathway?tth00860). In consequence, the most
likely role for the cytoplasmic NirJth protein could be to produce
heme d1 from siroheme, as for the homologue in P. pantotrophus.
In this scenario, the absence of NirJth would affect the folding
of NirSth indirectly. The absence of heme d1 could produce a mis-
folded NirSth preprotein more sensitive to periplasmic proteases.
As a consequence, a NirSth fragment lacking its N-terminal heme
c binding domain accumulates in nirJmutants, as shown in Fig. 2B
(see also Fig. S7 in the supplemental material).
However, this role for NirJth in heme d1 synthesis does not
explain its deficiency in nitrate respiration and nitrite con-
sumption (Fig. 3A). A putative explanation for this effect could
be related to the detected decrease in the amount of soluble
cytochromes c (Fig. 2C). In fact, the nirJ mutant showed a
decrease in the levels of the cytochrome c subunit of the nitric
oxide reductase (NorC) (Fig. 2B), the presence of which is
essential for nitrite consumption (Fig. 4C). In this context, it is
also possible that NarC, the periplasmic cytochrome c subunit
of the nitrate reductase, was also not fully active, although we
do not have specific antibodies to confirm this. A decrease in
the levels of nitrate and nitric oxide reductases could limit the
energy available from nitrate or even produce toxic concentra-
tions of nitrite, leading to the decrease in the growth rate and
cell yield observed for the nirJ mutants. In contrast, when ni-
trite is used as the electron acceptor, the low energy yield and
the long duplication times could mask any effect of the nirJ
mutation on cytochrome c availability.
Although the decrease in heme c availability could explain the
observed results, the reasons for this decrease are not easy to ex-
plain. We can hypothesize that this could be related to a putative
hijacking of heme c groups as a consequence of the (over)produc-
tion of proteins containing a heme c binding site. NirMth could be
one of the overproduced proteins because of positive polar effects
of the insertion of the kat gene. However, this putative overpro-
duction should be detected in heme c staining assays, and this was
not the case (Fig. 2C). Another candidate could be the NirSth
protein if its heme c binding domain was synthesized and imme-
diately proteolytically degraded because of the absence of heme d1.
Role of NirSth in nitrite reduction. Several attempts to detect
the nitrite reductase activity directly in the periplasmic fraction of
denitrificant strains or after overproduction of His-tagged NirSth
proteins from plasmids were unsuccessful (not shown). Electron
donors such as dithionite, methyl and benzyl viologen, NADH,
2-hydroxy-1,4-naftoquinone, menadione, ascorbic acid, and
cytochrome c552 from Aquifex aeolicus were assayed, without suc-
cess (not shown). Thus, either the loss of the heme d1 group from
the protein during the fractionation or purification protocols or
the absence of a very specific electron donor (likely cytochrome c
of Nar) could be responsible for this. In fact, spectroscopic analy-
sis of NirSth-enriched fractions revealed the presence of peaks typ-
ical of the heme c group but failed to detect those of the heme d1
groups (see Fig. S9 in the supplemental material). Therefore, we
do not have biochemical in vitro evidence of nitrite reductase ac-
tivity associated with NirSth. However, our genetic and physiolog-
ical data for nirS mutants, showing a decrease in the amount of
N2O produced from nitrate during anaerobic growth (Fig. 5),
strongly support the role of NirSth as an efficient supplier of NO to
the cNor reductase (Fig. 2B).
In any case, anaerobic growth with nitrite and its consump-
tion by the nirS mutant imply that another nitrite reductase
with such activity was present in strain HB27d. The most likely
candidate for this alternative nitrite reductase in nirS mutants
was a putative ferredoxin:nitrite reductase, but mutational ex-
periments discarded this enzyme (see Fig. S8 in the supplemen-
tal material).
Role for nitrate reductase in nitrite reduction.Mutants of the
nitrate reductase from T. thermophilus are unable to use not only
nitrate but also nitrite as an electron acceptor under anaerobic
conditions, whereas mutants lacking NirSth are still able to con-
sume nitrite (Fig. 4C). A putative explanation for this could be a
direct role of Nar in nitrite oxidation, as proposed forNitrobacter
spp., which contain heterotetrameric homologues (NxrABIC) of
the nitrate reductase of T. thermophilus described as nitrite oxi-
doreductase (40). If this nitrite oxidation activity was possible for
Nar, nitrite consumption assays with nirS mutants such as those
shown in Fig. 4D should lead to the accumulation of nitrate, but
this was not the case (not shown). Another possibility could be
related to a putative capability of Nar to reduce nitrite to NO, as
has been shown for other nitrate reductases. However, nitrate-
respiring natural strains such as T. thermophilus NAR1 cannot
consume nitrite upon aerobic or anaerobic incubation (10).
Therefore, themost likely explanation for the role of Nar in nitrite
respiration is its involvement as a major electron transporter to
the nitrite reductases through its periplasmic NarC subunit, as
previously proposed (19). Keeping in mind the periplasmic local-
ization of NarC and NirSth, we have to conclude that the alterna-
tive pathway for nitrite reduction should also be located in the
periplasm of T. thermophilus.
In conclusion, we have shown that at least two periplasmic
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pathways for nitrite respiration exist in T. thermophilus, with both
of them depending on the presence of an active nitrate reductase.
The strong coupling betweenNirSth andNor for the production of
N2O supports that most of the nitrite reduction in the wild-type
strain takes place through NirSth during denitrification and that
the alternative pathway plays a secondary role. Future work
through genome mining and mutational analyses will be needed
to reveal the nature of the alternative nitrite reduction pathway at
work in nirS mutants.
ACKNOWLEDGMENTS
This work has been supported by grant BIO2010-18875 from the Spanish
Ministry of Economy and Competitiveness (MEC).We also acknowledge
an institutional grant from the Fundación Ramón Areces to the CBMSO
and financial support for the Spanish National Network for Extremo-
philic Microorganisms (BIO2011-12879-E). L.A. and C.B. acknowledge
predoctoral fellowships from the CSIC and MEC, respectively.
We also acknowledge a generous allocation of computing time at the
Scientific Computation Center of the UAM (CCC-UAM). We greatly ac-
knowledge the advice of Marie Therese Giudici-Orticoni.
REFERENCES
1. Zumft WG. 1997. Cell biology and molecular basis of denitrification.
Microbiol. Mol. Biol. Rev. 61:533–616.
2. Yamanaka T, Ota A, Okunuki K. 1961. A nitrite reducing system recon-
structed with purified cytochrome components of Pseudomonas aerugi-
nosa. Biochim. Biophys. Acta 53:294–308. http://dx.doi.org/10.1016/0006
-3002(61)90442-5.
3. Moir JW, Baratta D, Richardson DJ, Ferguson SJ. 1993. The purification
of a cd1-type nitrite reductase from, and the absence of a copper-type
nitrite reductase from, the aerobic denitrifier Thiosphaera pantotropha;
the role of pseudoazurin as an electron donor. Eur. J. Biochem. 212:377–
385. http://dx.doi.org/10.1111/j.1432-1033.1993.tb17672.x.
4. Averill BA. 1996. Dissimilatory nitrite and nitric oxide reductases. Chem.
Rev. 96:2951–2964. http://dx.doi.org/10.1021/cr950056p.
5. Fernandes AT, Damas JM, Todorovic S, Huber R, Baratto MC, Pogni R,
Soares CM, Martins LO. 2010. The multicopper oxidase from the archaeon
Pyrobaculum aerophilum shows nitrous oxide reductase activity. FEBS J.
277:3176–3189. http://dx.doi.org/10.1111/j.1742-4658.2010.07725.x.
6. Vollack KU, Xie J, Hartig E, Romling U, Zumft WG. 1998. Localization
of denitrification genes on the chromosomal map of Pseudomonas aerugi-
nosa. Microbiology 144(Part 2):441–448.
7. Jeter RM, Ingraham JL. 1981. The denitrifying prokaryotes, p 913–925. In
Starr MP, Stolp H, Tr¨uper HG, Balows A, Schlegel HG (ed), The pro-
karyotes. A handbook on habitats, isolation and identification of bacteria,
vol 1. Springer-Verlag KG, Berlin, Germany.
8. Zumft WG. 1992. The denitrifying prokaryotes, p 554–582. In Balows A,
Tr¨uperHG,DworkinM,HarderW, Schleifer KH (ed), The prokaryotes. A
handbook on the biology of bacteria: ecophysiology, isolation, identifica-
tion, applications, 2nd ed, vol 1. Springer-Verlag, New York, NY.
9. Wu D, Hugenholtz P, Mavromatis K, Pukall R, Dalin E, Ivanova NN, Kunin
V, Goodwin L, Wu M, Tindall BJ, Hooper SD, Pati A, Lykidis A, Spring S,
Anderson IJ, D’haeseleer P, Zemla A, Singer M, Lapidus A, Nolan M, Cope-
land A, Han C, Chen F, Cheng JF, Lucas S, Kerfeld C, Lang E, Gronow S,
Chain P, Bruce D, Rubin EM, Kyrpides NC, Klenk HP, Eisen JA. 2009. A
phylogeny-driven genomic encyclopaedia of Bacteria and Archaea. Nature 462:
1056–1060. http://dx.doi.org/10.1038/nature08656.
10. Cava F, Zafra O, Da Costa MS, Berenguer J. 2008. The role of the nitrate
respiration element of Thermus thermophilus in the control and activity of
the denitrification apparatus. Environ. Microbiol. 10:522–533. http://dx
.doi.org/10.1111/j.1462-2920.2007.01472.x.
11. Alvarez L, Bricio C, Blesa A, Hidalgo A, Berenguer J. 2014. Transferable
denitrification capability of Thermus thermophilus. Appl. Environ.Micro-
biol. 80:19–28. http://dx.doi.org/10.1128/AEM.02594-13.
12. Ramírez-Arcos S, Fernandez-Herrero LA, Berenguer J. 1998. A thermo-
philic nitrate reductase is responsible for the strain specific anaerobic
growth of Thermus thermophilusHB8. Biochim. Biophys. Acta 1396:215–
227. http://dx.doi.org/10.1016/S0167-4781(97)00183-8.
13. Alvarez L, Bricio C, Gomez MJ, Berenguer J. 2011. Lateral transfer of
the denitrification pathway genes among Thermus thermophilus strains.
Appl. Environ. Microbiol. 77:1352–1358. http://dx.doi.org/10.1128/AEM
.02048-10.
14. Cava F, Zafra O, Magalon A, Blasco F, Berenguer J. 2004. A new type of
NADH dehydrogenase specific for nitrate respiration in the extreme ther-
mophile Thermus thermophilus. J. Biol. Chem. 279:45369–45378. http:
//dx.doi.org/10.1074/jbc.M404785200.
15. Venkatakrishnan P, Lencina AM, Schurig-Briccio LA, Gennis RB. 2013.
Alternate pathways for NADH oxidation in Thermus thermophilus using
type 2 NADH dehydrogenases. Biol. Chem. 394:667–676. http://dx.doi
.org/10.1515/hsz-2012-0333.
16. Zafra O, Ramirez S, Castan P, Moreno R, Cava F, Valles C, Caro E, Berenguer
J.2002.Acytochromecencodedby thenaroperon is required for the synthesisof
active respiratory nitrate reductase in Thermus thermophilus. FEBS Lett. 523:
99–102. http://dx.doi.org/10.1016/S0014-5793(02)02953-8.
17. Cava F, Zafra O, Berenguer J.2008.A cytochromec containingnitrate reductase
plays a role in electron transport for denitrification in Thermus thermophilus
without involvement of the bc respiratory complex. Mol. Microbiol. 70:
507–518. http://dx.doi.org/10.1111/j.1365-2958.2008.06429.x.
18. Cava F, Berenguer J. 2006. Biochemical and regulatory properties of a
respiratory island encoded by a conjugative plasmid in the extreme ther-
mophile Thermus thermophilus. Biochem. Soc. Trans. 34:97–100. http:
//dx.doi.org/10.1042/BST0340097.
19. Cava F, Laptenko O, Borukhov S, Chahlafi Z, Blas-Galindo E, Gomez-
Puertas P, Berenguer J. 2007. Control of the respiratory metabolism of
Thermus thermophilusby the nitrate respiration conjugative elementNCE.
Mol.Microbiol. 64:630–646. http://dx.doi.org/10.1111/j.1365-2958.2007
.05687.x.
20. Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular cloning: a labora-
tory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY.
21. Inoue H, Nojima H, Okayama H. 1990. High efficiency transformation
of Escherichia coli with plasmids. Gene 96:23–28. http://dx.doi.org/10
.1016/0378-1119(90)90336-P.
22. Hanahan D. 1985. Techniques for transformation of E. coli, p 109–135. In
Glover DM (ed), DNA cloning: a practical approach. IRL Press, Oxford,
United Kingdom.
23. De Grado M, Castan P, Berenguer J. 1999. A high-transformation-
efficiency cloning vector for Thermus thermophilus. Plasmid 42:241–245.
http://dx.doi.org/10.1006/plas.1999.1427.
24. Vieira J, Messing J. 1982. The pUC plasmids, anM13mp7-derived system
for insertion mutagenesis and sequencing with synthetic universal prim-
ers. Gene 19:259–268. http://dx.doi.org/10.1016/0378-1119(82)90015-4.
25. Lasa I, Caston JR, Fernandez-Herrero LA, De Pedro MA, Berenguer J.
1992. Insertional mutagenesis in the extreme thermophilic eubacteria
Thermus thermophilus HB8. Mol. Microbiol. 6:1555–1564. http://dx.doi
.org/10.1111/j.1365-2958.1992.tb00877.x.
26. Vaara M. 1992. Agents that increase the permeability of the outer mem-
brane. Microbiol. Rev. 56:395–411.
27. Thomas PE, Ryan D, Levin W. 1976. An improved staining procedure for
the detection of the peroxidase activity of cytochrome P-450 on sodium
dodecyl sulfate polyacrylamide gels. Anal. Biochem. 75:168–176. http:
//dx.doi.org/10.1016/0003-2697(76)90067-1.
28. Brugna-Guiral M, Tron P, Nitschke W, Stetter KO, Burlat B, Guigli-
arelli B, Bruschi M, Giudici-Orticoni MT. 2003. [NiFe] hydrogenases
from the hyperthermophilic bacterium Aquifex aeolicus: properties, func-
tion, and phylogenetics. Extremophiles 7:145–157. http://dx.doi.org/10
.1007/s00792-002-0306-3.
29. Snell FD, Snell CT. 1949. Colorimetric methods of analysis. Van Nos-
trand, New York, NY.
30. Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG,
Thompson JD. 2003. Multiple sequence alignment with the Clustal series
of programs. Nucleic Acids Res. 31:3497–3500. http://dx.doi.org/10.1093
/nar/gkg500.
31. Krieger E, Koraimann G, Vriend G. 2002. Increasing the precision of
comparative models with YASARA NOVA—a self-parameterizing force
field. Proteins 47:393–402. http://dx.doi.org/10.1002/prot.10104.
32. Olabarría G, Fernandez-Herrero LA, Carrascosa JL, Berenguer J. 1996.
slpM, a gene coding for an “S-layer-like array” overexpressed in S-layer
mutants of Thermus thermophilus HB8. J. Bacteriol. 178:357–365.
33. Keightley JA, Sanders D, Todaro TR, Pastuszyn A, Fee JA. 1998.
Cloning and expression in Escherichia coli of the cytochrome c552 gene
from Thermus thermophilusHB8. Evidence for genetic linkage to an ATP-
Nitrite Reduction in T. thermophilus
April 2014 Volume 196 Number 7 jb.asm.org 1357
binding cassette protein and initial characterization of the cycA gene prod-
ucts. J. Biol. Chem. 273:12006–12016.
34. Brindley AA, Zajicek R, Warren MJ, Ferguson SJ, Rigby SE. 2010. NirJ,
a radical SAM family member of the d1 heme biogenesis cluster. FEBS
Lett. 584:2461–2466. http://dx.doi.org/10.1016/j.febslet.2010.04.053.
35. Saunders NF, Ferguson SJ, Baker SC. 2000. Transcriptional analysis of
the nirS gene, encoding cytochrome cd1 nitrite reductase, of Paracoccus
pantotrophus LMD 92.63. Microbiology 146(Part 2):509–516. http://mic
.sgmjournals.org/content/146/2/509.long.
36. Kawasaki S, Arai H, Kodama T, Igarashi Y. 1997. Gene cluster for
dissimilatory nitrite reductase (nir) from Pseudomonas aeruginosa: se-
quencing and identification of a locus for heme d1 biosynthesis. J. Bacte-
riol. 179:235–242.
37. Hartig E, Zumft WG. 1999. Kinetics of nirS expression (cytochrome cd1
nitrite reductase) in Pseudomonas stutzeri during the transition from aer-
obic respiration to denitrification: evidence for a denitrification-specific
nitrate- and nitrite-responsive regulatory system. J. Bacteriol. 181:161–
166.
38. Soulimane T, Von Walter M, Hof P, Than ME, Huber R, Buse G. 1997.
Cytochrome-c552 from Thermus thermophilus: a functional and crystallo-
graphic investigation. Biochem. Biophys. Res. Commun. 237:572–576.
http://dx.doi.org/10.1006/bbrc.1997.7041.
39. Zajicek RS, Bali S, Arnold S, Brindley A, Warren M, Ferguson ST. 2009.
d(1) haem biogenesis—assessing the roles of three nir gene products. FEBS J.
276:6399–6411. http://dx.doi.org/10.1111/j.1742-4658.2009.07354.x.
40. Simon J, Klotz MG. 2013. Diversity and evolution of bioenergetic systems in-
volved inmicrobial nitrogen compound transformations. Bichim.Biophys.Acta
1827:114–135. http://dx.doi.org/10.1016/j.bbabio.2012.07.005.
Alvarez et al.
1358 jb.asm.org Journal of Bacteriology
